The aim of the study was to analyse whether, and to what extent, the use of RRR-d-α-tocopherol in diets containing oil rich in linoleic or linolenic acid (soybean or linseed oil, respectively) would make it possible to halve the dosage of this antioxidant with respect to α-tocopherol without negatively affecting the redox and immune status of turkey hens. The experiment was carried out on 480 turkey hens, type BIG 6, which were divided into four groups. Birds in Group I (control) received soybean oil and synthetic dl-alphatocopherol acetate in their feed mixture. Group II received soybean oil and natural RRR-d-alpha-tocopherol. Birds in Group III received linseed oil and synthetic tocopherol, whereas those in Group IV had linseed oil and natural tocopherol. At the end of the ninth, eleventh and fifteenth weeks of life, blood was sampled from their brachial veins for analyses. Haematological, immunological and pro-and antioxidative parameters were measured. The application of linseed oil had a minor effect on the immune and antioxidative systems of the turkey hens. The study showed that the addition of the natural form of RRR-d-alpha-tocopherol with soybean and linseed oils stimulated the mechanisms of the antioxidative defence system more effectively than dlalpha-tocopherol acetate addition with these oils. It may be possible to use the natural form of tocopherol in diets rich in linoleic and linolenic acid (soybean/linseed oil) without detrimental effect on redox and immune status of turkey hens. However, the commonly used tocopherol acetate, despite the higher dosage, is cheaper. Thus, from an economic point of view, the use of linseed oil with the synthetic form of vitamin E is worth recommending.
Introduction
In animal nutrition, fats are one of the major nutrients and serve a variety of functions. Tthe addition of fat itself is significant, and also its source, type of fatty acid constituting it and the degree of their oxidation. In turkey feeding, the main source of fat is usually soybean oil . Fatty acids in soybean oil consist of 15% saturated fatty acids (SFA), 26% mono-unsaturated fatty acids (MUFA) and 59% polyunsaturated fatty acids (PUFA). Because it has a more favourable fatty acid composition, linseed oil should be more beneficial than soybean oil. It is rich in n-3 PUFAs (linoleic acid (LA) 14%), and locked nucleic acid (LNA) 58%), and contains 9% SFA, 19% MUFA and 72% PUFA (Nuernberg et al., 2004; Hassan et al., 2011) . As well as fatty acids, oils contain substances with antioxidative properties such as vitamin E and flavonoids, although their quantities are relatively low (Ramadan & Moersel, 2006) . Earlier studies (Prescha et al., 2008; Kania et al., 2004) reported that the concentrations of phenolic compounds in soybean and linseed oil are similar at between 12 µg/g and 20 µg/g. Tocopherol (vitamin E) is a key nutrient, being simultaneously a functional component that protects fat against oxidation.The content of total tocopherol in soybean oil reaches 0.005%, with a tocopherol profile of zero α and β, 14 µg λ/g and 32 µg δ/g. In turn, the content of tocopherol in linseed oil reaches 0.083%, with a profile of 20.7 µg α/g, 0.4 µg β/g, 803.4 µg λ/g and 9.2 µg δ/g (Kania et al., 2004; Piescha, 2008) .
The active components of linseed oil, owing to its high content of omega-3 fatty acids, might have immunomodulatory properties and influence various immune mechanisms, inter alia, to modulate the process of phagocytosis, the activity of NK cells and the production of cytokines (Calder et al., 2011; .
Modulation of the antioxidative and immunological status of turkey hen bodies through optimizing the level and quality of feeding and selecting nutrients and functional components may help to improve the health status and production performance of birds. Therefore, the aim of the study was to analyse whether and to what degree the use of RRR-d-α-tocopherol in diets containing oil rich in linoleic or linolenic acid (soybean or linseed oil, respectively) would make it possible to halve the dosage of this antioxidant with respect to α-tocopherol without negatively affecting the redox and immune status of turkey hens.
Materials and Methods
The experiment was conducted with 480 turkey hens of the Big 6 line. The birds were 1 to 16 weeks old. They were assigned randomly to four experimental groups, 120 turkeys each, allocated to five replications per treatment with 24 birds each. The birds were kept in cages, 2.5 x 2.5 x 4 m in size, under recommended hygienic conditions for turkey fattening. To achieve the objectives of the investigation, the types of fat component and the level and chemical form of vitamin E precursor differed, and were added separately as feed supplements (E 307, according to the European Union Register of Feed Additives EEC 1831/2003). Group I (control) received soybean oil and synthetic dl-alpha-tocopherol acetate at dietary levels of 50 mg/kg (1 -9 weeks of life) and 45 mg/kg (10 -16 weeks of life), which is consistent with the vitamin E content recommended for turkey hens by the National Research Council (NRC) (1994) . Group II received soybean oil as a fat component and natural RRR d-alpha-tocopherol (100% activity) in a dose equivalent to the form of synthetic dl-alpha-tocopherol (i.e. 2.5 mg of the synthetic form = 1 mg of the natural form of tocopherol) in a dose of 25 mg/kg (1 -9 wk of life) and 22.5 mg/kg (10 -16 wk of life). Group III received linseed oil and synthetic dl-alpha-tocopherol acetate, whereas these from Group IV had linseed oil and natural RRR d-alpha-tocopherol (Table 1) . The turkey hens were fed ad libitum and had free access to water. All the mixtures were based on wheat, maize meal, soybean meal, soybean/linseed oil, and isonitrogenous and isoenergetic balances were maintained ( Table 2 ). The base mixture was introduced to the premix (vitamin and mineral supplement) without vitamin E. The experiment was carried out with the approval of the local ethical committee (Second Local Ethical Committee for Animal Experiments, 2009).
Feed samples collected at the end of the ninth and sixteenth weeks of the experiment were analysed for α-tocopherol content according to Manz & Philipp (1981) using a Merck-Hitachi HPLC apparatus with LiChroCART 250-4 Superspher 100 RP-18, with 4 µm column and FL detector, at Ex. 295 nm and Em. 350 nm. The fatty acid profile of the feed samples was analysed with a gas chromatograph Varian CP 3800 with CP WAX capillary column of length 52 CB 60 mm up to 210 ºC, an FID detector and helium as carrier gas. Chromatographic separation was conducted with a Varian CP 3800 gas chromatograph. Over the experimental period, blood was sampled for analyses from the brachial veins of 10 birds from each treatment, in the sixth, eleventh and fifteenth weeks of life. Monotests developed by Cormay (PZ CORMAY S.A. Poland is a manufacturer of high-quality diagnostic reagents and the highest quality laboratory equipment) were used to determine samples of blood plasma spectrophotometrically for contents of the biochemical indices, uric acid (UA), urea (UREA), bilirubin (BIL) and creatinine (CREAT). Spectrophotometric assays were applied to analyse blood plasma samples for the activity of antioxidative enzymes, superoxide dismutase (SOD, EC 1.15.1.1) with the adrenaline method modified to the wavelength of 320 nm (to increase the selectivity of transient reaction products at this length of light (Bartosz, 2004) ) and catalase (CAT, EC 1.11.1.6), according to Bartosz (2004) . To calculate antioxidant status, the ferric-reducing ability of plasma (FRAP), blood plasma was assayed for vitamin C concentration and glutathione (GSSG + GSH) activity, according to Bartosz (2004) . Blood was assayed for the concentration of α-tocopherol, according to Kaufmann (1958) . In addition, the biological material was analysed for levels of lipid peroxidation products: peroxides (H 2 O 2 ) according to Gay & Gębicki (2000) , and malondialdehyde (MDA) as the end product of tissue lipid oxidation, according to Salih et al. (1987) . Haematological tests included the determination of white blood cells (WBC) and percentage composition of white blood cells (leucogram) in stained blood smears, following Pappenheim's method (Bomski, 1989) .
Immunological analyses involved determination of the phagocytic activity of leukocytes against strain 209P Staphylococcus aureus, expressed as the percentage of phagocytic cells (PC) and phagocytic index (PI), and the capability of heterophils to absorb and reduce nitroblue tetrazolium (NBT test) according to Park et al.'s method (1968) . The blood plasma level of lysozyme activity (currently classified as a protective barrier of the body) was determined with the turbidimetric method (Pinkiewicz, 1971; Siwicki et al., 1993) . The concentrations of selenium and manganese in blood plasma were determined in the Central Apparatus Laboratory, University of Life Sciences, Lublin, with the inflammable AAS technique on UNICAM 939.
All data were analysed as 2 x 2 factorial randomized block designs with tocopherol level and oil source and their interaction as the main effects, using a general analysis of variance (ANOVA) procedure of Statistica v. 6.1 software. Results are presented as treatment means and SEM. Significance of the difference between mean values was estimated by single-factor ANOVA, assuming the significance levels to be 0.05 and 0.01 (Asheber, 2012) .
Results
The results on the parameters of the leucocytic system (Table 3 ) point to the great diversity among groups. A higher (P <0.05) level of leucocytes was counted in the 6-week-old birds from Groups II -IV than in birds from Group I. In turn, at 11 weeks old, a significantly higher number of white blood cells (WBC) was observed in Group II turkey hens, which were supplemented with soybean oil and RRR-d-alpha-tocopherol, compared with Group I. However, at the end of the experimental period (week 15 of life) the number of WBC in Group II was lower (P <0.05) than in the other groups. Nevertheless, taking into account the entire period of observation, the experimental factors were found not to affect changes in WBC count. The increase in WBC count determined in the first period of rearing in the turkey hens from Groups II -IV was accompanied by lymphopenia, which was also observed in the terminal period of rearing, particularly in the turkey hens administered linseed oil (Groups III and IV). Taking into consideration the entire rearing period, the highest number of basocytes was noted in the turkey hens fed the mixture with the addition of linseed oil and RRRd-alpha-tocopherol. The increase in basocytes count, however, was owing to the application of linseed oil. In analysing the level of monocytes in the blood, the highest percentage of monocyte cells was recorded in the fifteenth week of life in the turkey hens from Group II (soybean oil + RRR-d-alpha-tocopherol). In contrast, the addition of the natural form of vitamin E to a feed mixture with linseed oil (Group IV) caused a significant decrease in the percentage of monocytes in the eleventh week of life, compared with Group I. Considering the mean content of monocytes in the entire rearing period, the above-described changes in the percentage of those cells undoubtedly affected the differences observed between the experimental groups. The coupled administration of linseed oil and RRR-d-alpha-tocopherol was observed to significantly reduce the percentage of monocytes in the leucocytic system.
Immunological analyses (Table 4 ) indicate a lack of significant effect on the stimulation of non-specific immunity (PI, NBT and lysozyme) of the hens. However, in the birds that received linseed oil with the synthetic form of tocopherol, a positive tendency was observed in the increasing values of the immunological parameters (percentage of PC and percentage of NBT-reducing cells), particularly at the end of the experimental period.
Values depicting tendencies of change in the redox process are presented in Tables 5, 6 and 7. There were no consistent changes in most of the parameters. Significant differences in the values of parameters, in particular rearing periods, seldom affected the final (mean) values of the parameters, and thus the differences between groups. In Groups II, III and IV, on average, the values reported for lipid peroxidation products H 2 O 2 and MDA were lower by 47.5% and 34.6%, respectively, compared with Group I (Table 7) .
At the end of the rearing period (fifteenth week of life), increases (P ≤0.05) were observed in the activity of superoxide dismutase, that is, 14.5% in Group II, 26.8% in Group III and 19% in Group IV, compared with the control. The addition of linseed oil and the synthetic form of vitamin E for Group I caused a significant (P ≤0.05) enhancement in the activity of CAT. In turn, in the blood plasma of the hens receiving : means within the row with different superscript differ significantly at P ≤0.05 (compared with Group I).
ns: not significant (P >0.05); * (P ≤0.05); ** (P ≤0.01); WBC: white blood cells. : means within the row with no common superscript differ significantly at P ≤0.05 (compared with Group I). ns: not significant (P ˃0.05); * (P ≤0.05); ** (P ≤0.01). H2O2: peroxides; MDA: malondialdehyde. the feed mixture with linseed oil with the addition of RRR-d-alpha-tocopherol, the reduced activity of CAT was observed as early as eleven weeks old. Nonetheless, changes in the activity of CAT were affected to a greater extent (P ≤0.01) by tocopherol in the diet (Table 6 ) than by linseed oil. The administration of linseed oil with synthetic vitamin E (Group III) or natural vitamin E (Group IV) in a feed mixture contributed to an increase in FRAP in respect of the Group I. In Group III, which was fed linseed oil with the synthetic form of vitamin E, analyses showed a reduced level of vitamin C over the entire experimental period (Table 6 ). This increased level of FRAP and the diminished level of vitamin C were owing to the application of linseed oil. Groups fed the feed mixtures with linseed oil with different forms of tocopherol (Groups III and IV) were characterized by higher (P ≤0.05) concentrations of tocopherol. This effect resulted from the application of linseed oil, but not from different forms of tocopherol. In the hens receiving natural vitamin E, at the end of the rearing period (fifteenth week of life) analyses demonstrated a higher (by 9.6%) level of glutathione than in Group 1. This increased level of glutathione was equally affected by linseed oil and RRR-d-alphatocopherol. In turn, the application of RRR-d-alpha-tocopherol resulted from an increased concentration of selenium in blood plasma of the turkey hens from Groups II and IV (Table 7) . Although in particular weeks of life (weeks 6, 11 and 15) the concentrations of urea, uric acid and bilirubin in their blood plasma differed, when the entire period of observation was considered, no significant differences were observed among the groups in the values of those parameters (Table 5 ). Highly varying changes in these parameters were recorded when linseed oil was administered to feed mixtures. Furthermore, when compared with Group 1, a significant increase was recorded in the plasma level of creatinine in 6-and 11-week-old turkey hens from Groups II -IV. In contrast, in the fifteenth week of life, the level of creatinine in certain experimental groups was lower (P ≤0.05) than in the control birds, that is, by 28.2% in Group II, by 44% in Group III and by 38.4 in Group IV. This decrease undoubtedly affected the final (mean) lower (P ≤0.05) concentration of this parameter in blood plasma of the turkey hens from Group IV. Nevertheless, as indicated by data presented in Table 5 , none of the experimental factors influenced these changes in creatinine level.
Discussion
Haematological, immunological and redox analyses of blood are of great significance in evaluating the health status of birds. Their values are determined by a number of factors, including age, sex, breed, feeding, physiological condition and rearing technology. Birds are also characterized by great individual differences in these parameters. Hence, lack of consistency is quite likely in changes of these blood markers in the growth process of the birds. This leucocytosis, that is, an increased white blood cell count, may indicate the pathological process in the bird's body. However, the increase noted in the total leucocytes count exclusively at the initial stage of the rearing period may be owing to the stimulation of the immune system of the birds by PUFAs and compounds (vitamins, polyphenols) present in linseed oil and soybean oil (Hylands & Poulev, 1998; . As well as the PUFAs, oil and linseed oil in particular, is a rich source of substances with antioxidative properties, for example vitamin E, that may stimulate the immunity of the birds (Ramadan & Moersal, 2006; Kouba & Mourot, 2011) , because vitamins can stimulate the migration of monocytes and phagocytosis (Rocha, 1989) . The stimulation of the immune system of birds because of this leucocytosis was demonstrated in experiments with turkey hens receiving immunostimulants, Bioaron C and Biostymina (Sembratowicz et al., 2004a) . As reported by Koncicki & Krasnodębska-Depta (2005) , in birds, the percentage of lymphocytes (lymphocytosis) may increase physiologically, whereas lymphopenia (reduced number of lymphocytes) is often observed when birds are exposed to stress and monocytopenia in various pathological states. In contrast, negligible changes were observed sporadically in the numbers of basocytes and eosinocytes. Therefore, their percentage contribution in a leucogram is of no diagnostic significance. The values of morphological blood markers (WBC and leucocytic system) achieved in the experiment in Group I and Groups II -IV corresponded with results reported for turkeys by other researchers (Sembratowicz et al., 2004a; b; Koncicki & Krasnodębska-Depta, 2005; Ognik & Sembratowicz, 2009 ). The birds that were examined did not manifest pathological symptoms and were in good health. The likely effect of the polyunsaturated fatty acids in linseed oil may be indicated by the stimulation of the immune system, expressed by the increase in percentage of PC and NBT-reducing cells, particularly in Group III. The composition of dietary fatty acids is reflected in the fatty acid composition of the cell membrane of lymphocytes and other cells of the immunological system (Świątkiewicz & Koreleski, 2007) . The acids that directly affect such immune processes as proliferation of lymphocytes, production of cytokines and activity of NK cells include oleic, linoleic, conjugated linoleic (CLA), linolenic, arachidic, eicosapentaenoic (EPA) and docosahexaenoic acids (DHA). The most beneficial effect is ascribed to long-chain polyunsaturated fatty acids of the n-3 family (LC PUFA n-3), EPA and DHA in particular, which display anti-inflammatory activity, thus suppressing the production of pro-inflammatory eicosanoids, including IL-1 and IL-6 (Świątkiewicz & Korolewski, 2007) . Rich sources of those acids include flax seed and linseed oil. The opposite properties, that is, pro-inflammatory, are displayed by n-6 PUFAs, which predominate in soybean oil. However, the results in the study did not indicate inflammatory states in the groups administered this oil. The stimulation of the humoral response of chickens to an increased supply of n-6 PUFA because of feed mixture supplementation with various oils has been confirmed in a study by He et al. (2007) . In addition, several investigations (Rey et al., 2004; Nuernberg et al., 2005; Hassan et al., 2011) have demonstrated a significant effect on the immunity of poultry when applying various fat sources.
A significant element in assessing the efficacy of feed additives in animal feeding may be the course of metabolic processes, which is expressed in, among other things, changes in prooxidative and antioxidative blood indices. A measure of the antioxidative status of the body is the balance or ratio between oxidative factors, namely lipid peroxidation products (peroxide radicals, malondialdehyde), and the endogenous and exogenous substances that suppress radicals, including enzymes such as SOD, glutathione peroxidase and CAT, as well as many low-molecular antioxidants such as bilirubin, creatinine, uric acid, urea, glutathione, active forms of vitamins (E and C) and dissociated cations/anions of metals (Cu, Zn, Mn, Fe, Se), constituting the FRAP (Bartosz, 2004) . The lower (P ≤0.05) activity of SOD that was observed in the initial period of rearing (eleventh week of life) in blood plasma of the turkey hens fed a feed mixture with soybean oil (Group II) and linseed oil (Group IV) with the addition of RRR-d-alpha-tocopherolm, compared with Group I, points to the protective effect of the highly active natural vitamin E against the peroxidation processes of fatty acids occurring in the oils. The protective properties of natural tocopherol are of special significance in applying linseed oil that is rich in PUFAs that contain three unsaturated double bonds, for example α-LNA. These acids are particularly susceptible to rapid oxidation to hydroperoxides and other products of lipid peroxidation, which may stimulate oxidative stress (Choe & Min, 2006) . The addition of vitamin E stimulates the antioxidative mechanisms (Ognik & Wertelecki, 2012) . Thus, the diminished activity of SOD may be owing to the engagement of the enzyme in the antioxidative processes, particularly in the reaction of dismutation aimed at eliminating peroxides from the environment, thus preventing the chain reactions of peroxidation and the formation of other reactive forms of oxygen. In contrast, the significant increase in the activity of SOD recorded in Groups II -IV at the end of the rearing period (fifteenth week of life), compared with Group I, may be because of the stimulation of the antioxidative system as a result of the joint administration of dl-alpha-tocopherol and RRR-d-alpha-tocopherol particularly with linseed oil, which is a source of low-molecular antioxidants. In addition, the application of linseed oil together with RRR-d-alphatocopherol suppressed the activity of CAT, particularly in the final stage of rearing. However, this effect was attributed more to the highly antioxidative properties of the natural form of tocopherol. The enhanced activity of CAT is usually observed as a result of the generation of high quantities of hydrogen peroxide in the body (Bartosz, 2004) . The decreased levels of lipid peroxidation products and the increased plasma levels of FRAP, uric acid, glutathione, vitamin E and selenium determined in Groups II, III and IV may indicate the highly antioxidative properties of RRR-d-alpha-tocopherol and linseed oil. Interestingly, however, although the experimental factors (linseed oil and RRR-d-alpha-tocopherol) equally affected the reduction in lipid peroxidation products, they were observed to activate the non-enzymatic mechanism of the antioxidative defence slightly differently. The linseed oil influenced mainly an increase in FRAP, UA and vitamin E, and RRR-d-alpha-tocopherol mainly an increase in the levels of glutathione, vitamin E and selenium. The antioxidative properties of linseed oil have been confirmed in research by Ramadan & Moersel (2006) . The FRAP is constituted by uric acid (60%), ascorbic acid (15%), glutathione (10%) and tocopherols (5%) (Bartosz, 2004) . The increased level of FRAP in birds administered linseed oil may result from the statistically significant increase in the level of uric acid, which is the major FRAP component.
The increased FRAP level in blood plasma is usually a desirable phenomenon, because it provides better protection of cells and tissues against the toxic effect of reactive oxygen species. In turn, glutathione is the most abundant thiol (includes the group S-H) which occurs in cells in high concentrations, reaching 1 -10 mmol/L. Its principal function is to maintain the thiol groups of protein in a reduced state, which in many cases is indispensable to the functional activity of proteins, including antioxidation (Bartosz, 2004) . The presence of compounds with a high antioxidative activity in food may affect the suppression of lipid peroxidation products, and enhance the activity of enzymatic and non-enzymatic antioxidants, for example selenium, in the blood and tissues of animals.
Conclusions
The results of the experiment indicate that the administration of linseed oil in feed mixtures for turkey hens evoked an insignificant stimulating effect on the immune system (increased count of NBT-reducing cells) and antioxidative system (increased levels of FRAP, UA, vitamin E). The study showed that the addition of the natural form of RRR-d-alpha-tocopherol with soybean and linseed oils stimulated the mechanisms of the antioxidative defence system (reduction in H 2 O 2 , MDA, CAT, increase in GSSG+ GSH, selenium) more effectively than dl-alpha-tocopherol acetate addition with these oils.
It may be possible to use the natural form of tocopherol in diets rich in linoleic and linolenic acid (soybean/linseed oil) without detrimental effect on to reox and immune status of turkey hens. It should be emphasized, however, that, despite the higher dosage, the commonly used tocopherol acetate is cheaper. Thus, from an economic point of view, the use of linseed oil with the synthetic form of vitamin E is worth recommending.
